Type I collagen is the most abundant protein in the body and forms the structural scaffolding upon which many tissues are built. The primary building block of collagen-based tissues is the nanoscale collagen fibril. Because of the wide-ranging roles that collagen plays and the number of diseases that can strike collagen-based tissues, understanding nanoscale features of the collagen ultrastructure is imperative. This need for accurate and quantitative analytical methods prompted the study of collagen using atomic force microscopy (AFM). Based on the seminal work of Hodge and Petruska in 1963, the primary morphological characteristic of Type I collagen fibrils, the D-periodic spacing, was shown to be 67 nm. Recent studies have demonstrated that in contrast to a singular 67 nm value, normal collagen actually exists with a distribution of D-spacing values in a variety of tissues. Both estrogen depletion and a defined genetic alteration in the col1a1 gene significantly altered this distribution in bone. A weakness of these studies was that imaging took place in air, and mechanical properties were not measured.
INTRODUCTION
Type I collagen is the most abundant protein in the body and forms the structural scaffolding upon which many tissues are built. The primary building block of collagen-based tissues is the nanoscale collagen fibril. Because of the wide-ranging roles that collagen plays and the number of diseases that can strike collagen-based tissues, understanding nanoscale features of the collagen ultrastructure is imperative. This need for accurate and quantitative analytical methods prompted the study of collagen using atomic force microscopy (AFM). Based on the seminal work of Hodge and Petruska in 1963, the primary morphological characteristic of Type I collagen fibrils, the D-periodic spacing, was shown to be 67 nm. Recent studies have demonstrated that in contrast to a singular 67 nm value, normal collagen actually exists with a distribution of D-spacing values in a variety of tissues. Both estrogen depletion and a defined genetic alteration in the col1a1 gene significantly altered this distribution in bone. A weakness of these studies was that imaging took place in air, and mechanical properties were not measured.
AFM imaging of collagen fibrils in fluid is not trivial. Since collagen absorbs water and swells, imaging in fluid often leads to degradation of image resolution and quality, making it difficult to quantitatively assess the images. Mechanical probing adds another level of complexity. Samples are often imaged in air. However, because fibrils exist in a hydrated environment in vivo, the effects of dehydration on collagen could be a factor which influences the results. The current study was undertaken to analyze the role of hydration on nanoscale morphology and mechanics in normal Type I collagen in mouse tail tendon.
SIGNIFICANCE
Despite the importance of collagen in the body, little is known about its nanoscale morphology in tissues and how this relates to mechanical function. The contribution of this study will be to directly probe the nanoscale structure/function relationship of collagen in a healthy tissue as a function of hydration as a baseline study for changes which may occur with a variety of environmental or genetic insults.
METHODS
For this study, a single male mouse from the C57BL/6J background strain was used at 8 weeks of age (IACUC #SC197R). From the tail of this mouse, ~75 mm lengths of individual fascicles were removed and placed in phosphate buffered saline. Each fascicle was rinsed in ultrapure water, placed on a glass slide and flattened with curved forceps. For imaging in air, the sample was dried completely and imaged. For fluid imaging, the sample was allowed to dry just long enough to adhere to the glass, then was submerged in ultrapure water and imaged.
Samples were imaged using a Bruker Catalyst AFM. Images (5 μm 2 ) were acquired in peak force tapping mode from 1-2 locations in each of 5 fascicles per group using a silicon nitride cantilever with a silicon probe (tip radius ~ 2 nm, k=0.7 N/m). Once an image was obtained, the AFM cantilever was used as an indentation device. Five locations on individual fibrils were indented to 20 nN, and force curves were acquired. Because fibrils stiffen when dried, stiffer cantilevers were required to indent dried samples (tip radius ~ 8 nm, k=40 N/m) At each location, 2D Fast Fourier Transforms were performed on 10-20 individual fibrils and the first harmonic peak was analyzed to determine the value of the D-spacing (n=75 in each group). Indent modulus was calculated from the indentation unloading curve using the Derjaguin-Muller-Toporov (DMT) model of elastic contact, an extension of Hertzian contact mechanics which accounts for adhesive forces. In total, 74 dry fibrils were indented versus 43 wet fibrils, and these fibrils were not necessarily the same fibrils analyzed for morphology.
To investigate hydration effects, the D-spacing was compared in wet versus dry samples using a Student's t-test. To investigate differences in distributions of fibril morphology, a Kolmogorov-Smirnov (KS) test was performed on the cumulative distribution function (CDF) of D-spacings in each group. Finally, the modulus in wet versus dry samples was compared using a Student's t-test. For all tests, a value of p<0.05 was considered significant.
RESULTS
The overall mean value for D-spacing was 67.8 ± 0.8 nm for dry and 67.7 ± 0.7 nm for wet samples, respectively. A t-test indicated no statistical difference between groups (p=0.811). A distribution of spacings existed in wet and dry fibrils, but these distributions were statistically indistinguishable (Fig 1 and 2, p=0.130) .
The modulus in dry versus wet tendons differed by 3 orders of magnitude (Fig 3, on a log scale; p<0.001 ). In addition, there was a negative relationship between indentation depth and modulus within each group (and when all data were pooled) as fitted by a power law (Fig 4 on a double log scale) . 
DISCUSSION
Data from this study suggest that although mechanical properties of collagen fibrils are highly dependent on the presence of fluid, the Dspacing of the fibrils is not. Previous work has shown that a distribution of D-spacings exists in collagen-based tissues including bone, dentin and tendon. Further, changes in this measure of collagen nanoscale morphology are detectable as a function of disease in bone. A weakness of those studies was that all imaging took place in air. The current data support the results from this previous work by demonstrating that collagen D-spacing distributions do not depend on fibril hydration. Additional work is needed to increase the sample size and range of this study.
Several groups have studied the effects of hydration on collagen fibril mechanics. Similar to those studies, current data indicates a significant 3 order of magnitude stiffening of fibrils as they dehydrate. Attempts to directly correlate fibril modulus to fibril D-spacing have been hindered by sample size (particularly in the wet samples). In addition, since modulus is being measured in the radial direction by pushing on the fibril, it may not correlate well with D-spacing along the longitudinal length of the fibril. A more comprehensive study is currently underway to determine if there is a relationship that exists between any mechanical properties and D-spacing in wet or dry fibrils.
All fibrils in the current study were indented to a nominal load of 20 nN. Regression analyses indicate that no relationship exists between indentation load and either modulus or indentation depth (data not shown). However, there is a strong negative correlation between sample modulus and indentation depth which is best fit by a power law (Fig 4) . This relationship exists for both wet and dry fibrils, and when all fibrils are pooled. Although the reason for a power law relationship is not known, tracking changes in this relationship with environmental changes or genetic insults may provide a method to monitor nanoscale changes in mechanical function.
In conclusion, the current study demonstrates that while the Dperiodic spacing of individual collagen fibrils in tendon does not depend on hydration, mechanical properties of fibrils do. Current studies are underway to thoroughly investigate this phenomenon and to determine how these properties change with disease in tendon and other Type I collagen-based tissues including bone.
